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In general, three types of protein substrate are secreted by a T3SS; components of the external needle, the 9 translocated effectors and the translocator proteins (58, 76) . These latter proteins are essential for the 10 translocation process by forming at the needle tip, a pore-like translocon in the eukaryotic cell plasma 11 membrane (53). These pores may therefore complete an uninterrupted type III secretion (T3S) channel that 12 links the bacterial interior to that of the eukaryotic cell. Although direct experimental evidence is lacking, 13 effectors could pass through this translocon conduit to localize inside the eukaryotic cell.
14 Multiple T3S signals are evident for effector substrates. Most effectors require small molecular weight 15 chaperones for their stability and/or efficient secretion (26) . Some of these chaperones are known to interact 16 with the T3S ATPase energizer at the cytoplasmic base of the T3SS (2, 32). A chaperone-independent 17 secretion signal also exists at the extreme N-terminus, represented by a complex combination of the mRNA 18 as well as protein sequence (16, 46, 69) . While no sequence consensus is visually obvious, there is some 19 evidence of an amphipathic property (47) and various computational approaches based upon sophisticated 20 machine-learning methodology can predict T3S substrates on the basis of a conserved secretion signal (6, 48, promoting degradation of mRNA (4, 13). Upon secretion, YopD forms pores in the infected cell plasma 10 membrane through which the effectors might gain access into the host cell interior (34, 55, 57, 72) . This 11 extracellular function depends on self-assembly and additional interactions with LcrV and YopB (17) . Thus, 12 a yopD null mutant is de-regulated for Yops synthesis and although Yops secretion functions normally,
13
Yops delivery into cells is completely abolished (29, 36, 62, 81) 
28

MATERIALS AND METHODS
2
Bacterial strains and growth conditions. Strains used in this study are listed in Table 1 . Routine 3 bacterial culturing of E. coli and Y. pseudotuberculosis was performed at 37°C and 26°C respectively, 4 typically in Luria Bertani (LB) broth. When examining protein expression and secretion from Yersinia, 5 strains were grown in brain heart infusion (BHI) broth, both in minus calcium (BHI supplemented with 5mM 6 EGTA, 20mM MgCl 2 -T3S permissive medium) and in plus calcium (2.5mM CaCl 2 -T3S non-permissive 7 medium) conditions. In both cases, bacteria were grown in the presence of 0.025% (v/v) Triton X-100. This 8 treatment detached Yops prone to associate to the bacterial surface (3), thereby ensuring that our T3S 9 analysis would include all Yops secreted beyond the bacterial envelope. When appropriate, antibiotics at the 10 following concentrations were used to select for plasmid maintenance during culturing: Carbenicillin (Cb) 11 100µg/ml, Chloramphenicol (Cm) 25g/ml, and Kanamycin (Km) 50g/ml. These plasmids are listed in
12
Supplementary Table S1 (available for download online).
13
Mutant construction. N-terminal YopD variants were created by the overlap PCR method using the 14 various primer pairs listed in Supplementary 
7
We attempted to address this aspect further by creating another two constructs, YopD high(x2) and 8
YopD low(x2) . In these variants, the respective 'high' and 'low' synthetic sequences were duplicated thereby 9
replacing codons 2 to 15 of native YopD ( 
17
YopD 2-4 , YopD 2-5 , YopD 3-4 , YopD 3-5 , YopD 3-6 , YopD 3-7 , and YopD 4-5 ) ( Supplementary Fig. S3 ), b) 18 residues 5 to 10 (YopD 5-6 , YopD 5-7 , YopD 5-8 , YopD 5-9 , YopD 5-10 , YopD 6-10 , YopD 7-10 , YopD 8-10 , and
19
YopD 8-10 ) ( Supplementary Fig. S4 ), and c) all sequential residues through to position 19 (YopD 2-3 , YopD 4- Supplementary Fig. S5 ).
21
However, in no case did our analysis reveal any defect in YopD synthesis or secretion by Y.
22
pseudotuberculosis. Hence, a systematic analysis of smaller deletions of the N-terminal region failed to pin-23 point any one codon, or group of codons, responsible for the YopD secretion defect observed in the larger 24 deletions described in Fig. 7 . It is also interesting that no smaller deletion lacking codon 3 and 5 were altered 25 in YopD secretion, unlike our observations for YopD I3,5N (see Fig. 3 ). Currently, we have no definitive 26 explanation for this disparity. Collectively, the vagaries of these results do suggest that no particular N-27 terminal amino acid(s) need be essential for YopD secretion, so long as compensatory residues maintain the 1 necessary physical characteristics of this N-terminal region. proliferates during a 6 h incubation. Thus, a ratio below 1.0 implies that those mutant bacteria are less viable 27 then the parent, whereas a ratio equivalent to 1.0 means that those mutant bacteria are as viable as the parent.
28
As a positive control, we used bacteria producing YopD high(x2) that has a dramatically altered N-terminal sequence that in no way effects the function of YopD. As expected, a ratio of ~1.0 at every time interval 1 indicated that this mutant was as viable as parental bacteria (Fig. 10) . This confirms our previous findings 2 (see Fig. 8 ) that the YopD N-terminal sequence per se is not directly involved in the translocation process.
3
As negative controls, we infected with bacteria lacking yopD, yopE or both. Progressively fewer bacteria 4 were recovered as the experiment proceeded, such that at its conclusion (6h post-infection), around 5-fold 5 less of these mutant bacteria were recovered compared to the parent (Fig. 10) (Fig. 10) . In contrast, Yersinia producing YopD B-Nterm survived poorly 24 in our viability assay (Fig. 10) 
13
The first fifteen N-terminal residues act as an efficient T3S signal. Thus far, our analysis has indicated 14 that the extreme YopD N-terminus contributes to secretion efficiency and may possibly influence temporal 15 secretion control, although apparently not directly to effector translocation per se. To complete our study, we
16
were curious as to whether these N-terminal residues could also function as an independent secretion signal 17 to promote T3S of a signalless reporter, β-Lactamase. A series of translational fusions were generated 18 between the 5´end of yopD (including the native SD sequence) and a signalless and promoterless bla allele.
19
Plasmids were maintained in trans and expression of each fusion was controlled by an IPTG inducible 20 promoter. For control purposes, we also generated a fusion in which the full-length yopD open reading frame 21 was appended to promoterless bla. However, this generated a poorly expressed (Fig. 11A ) and unstable
22
( Supplementary Fig. S7 ) product that prevented meaningful comparisons to the shorter N-terminal fusions.
23
Never the less, sequence of yopD encoding for the first 25, 20, 15 and 10 amino acids were all sufficient to 24 produce generous levels of β-Lactamase, a portion of which was secreted. Secretion was readily observed by
25
Yersinia lacking the native yopB and yopD alleles and also to a lesser extent by parental bacteria (Fig. 11A) .
26
This secretion was dependent on a functional T3SS because an isogenic yopB, yopD mutant also lacking an (Fig. 11B, dark gray box) , and was only visible in the translocator mutant background and often required 5 over-exposure of the immunoblot (Fig. 11A) . On the other hand, the smallest yopD fusions of 3 and 1 amino 6 acids did not visibly promote secretion of the reporter, nor did a fusion containing the start codon together 7 with 500 nt of upstream sequence (Fig. 11A) . Hence, an efficient secretion signal of YopD is probably more 8 than 10, but less than 16 N-terminal residues, whereas the first 5 amino acids may constitute the absolute 9 minimal YopD secretion signal. Moreover, steady-state levels of accumulated YopD 1 -Bla fusion was 10 dramatically diminished being only 39.3% of synthesized YopD 20 -Bla (Fig. 11B ). This reduction could not 11 be explained by a simple increase in protein turnover, for no difference in stability could be observed 12 between any of these smaller fusions ( Supplementary Fig. S7 ). This might suggest that the extreme YopD N- relatively high proportion (5 of 15) of serine, threonine or proline residues; a pattern also observed for other secretion competent YopD N-terminal sequences (see Table 2 ). In contrast, it is evident that the non-secreted 1 YopD Frame+1 secretion signal contains very few hydrophobic residues and also essentially lacks serine, 2 threonine and proline residues (only 1 of 15). We therefore assume that these differences account for the 3 secretion disparity among the two frameshifted mutants. This could also explain the slight reduction in 4 YopD I3,5N secretion over YopD Frame1, I3,4N secretion; while the proportions of serine, threonine or proline 5 residues are consistent between the two, the former has a more restricted distribution of hydrophobic amino 6 acids (see Table 2 ). It is also worth keeping in mind that N-terminal-mediated substrate secretion can be 7 influenced by the sequence composition further downstream; T3S of YopR (also termed YscH) by Yersinia 8 requires a distinct mRNA motif nearer to the C-terminus that cooperates with the typical N-terminal amino 9 acid signal (9). The presence of such an internal secondary mRNA sequence has not been investigated for
10
YopD.
11
In 
27
If this hierarchal secretion model were true, why do the chimera producing strains all behave like the 28 parental strain in the HeLa cell cytotoxicity assay? First of all, the cytotoxicity assay is not capable of detecting subtle defects in Ysc-Yop T3SS functionality (12, 17, 19 (2, 10, 15, 33, 50, 68, 70, 73, 74 , N. A., W. Deng, J. L. Puente, E. A. Frey, C. K. Yip, N. C. Strynadka, and B Shading in light grey indicates the YopD wt nucleotide triplets and their corresponding amino acid sequences. Dark grey shading indicates YopE wt sequence. Amino acid sequence boxed in a broken line is identical to wild type YopD, but the nucleotide sequence is altered (YopD Scramble ). Those regions unmarked possess different amino acid sequence while the nucleotide sequence is essentially the same (YopD Frame+1 and YopD Frame1 ). The sequence shaded in light blue is artificial, and in another study (47) was seen to either promote (high) or abolish (low) YopE secretion. Boxes crossed with dark blue diagonal line highlight highly hydrophobic residues. Bold font indicates site-directed substitution mutations. The single asterisk indicates that synthesis of this variant was impaired.
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FIG. 2.
A YopD frameshift mutant altering the amino acid sequence of the N-terminal secretion signal specifically affects secretion. Overnight cultures were sub-cultured into BHI broth either containing (+) or lacking (-) calcium and then grown at 26C for 1 h and then at 37C for 3 hours. Protein samples were fractionated by a 12% SDS-PAGE and then transferred onto a membrane support for immune-detection (A). Expression fractions (upper panels) represent total protein associated with bacteria and also released into the culture supernatant. Secretion fractions (lower panels) signify protein freely released into the culture supernatant. Lanes: Parent (YopD wt ), YPIII/pIB102; yscU, lcrQ (YopD wt ), YPIII/pIB75-26; YopD Frame+1 , YPIII/pIB62502; YopD Frame-1 , YPIII/pIB62503; YopD Scramble , YPIII/pIB62504. Molecular weights shown in parentheses are deduced from primary amino acid sequence. A minimum of three independent experiments was used to quantify relative YopD and YopE synthesis and secretion  standard error of the mean using Quantity One software, version 4.52 (Bio-Rad) (B). "Percent total secretion" (lighter gray) reflects the ratioexpressed as a percentage -of protein secreted relative to the amount synthesized in each respective strain. "Percent secretion efficiency" reflects the extent of Yops secretion occurring in mutant bacteria relative to what occurs in parental bacteria (darker gray). It is calculated from the ratio of secreted protein relative to parent ( y ) over total protein relative to parent ( x ). Compared to native YopD, the median secretion efficiency of YopD Frame+1 was significantly lower (**, p=0.079; non parametric Mann-Whitney U test, p < 0.05, twotailed) then both YopD Frame1 and YopD Scramble . In contrast, YopE secretion efficiency in these same strains was not statistically different from parent bacteria (ns, not significant; p=0.1143) . FIG. 3 . N-terminal isoleucine residues contribute to secretion of native YopD. Overnight cultures were sub-cultured into BHI broth either containing (+) or lacking (-) calcium and then grown at 26C for 1 h and then at 37C for 3 hours. Protein samples were fractionated by a 12% SDS-PAGE and then transferred onto a membrane support for immune-detection (A). Expression fractions (upper panels) represent total protein associated with bacteria and also released into the culture supernatant. Secretion fractions (lower panels) signify protein freely released into the culture supernatant. Lanes: Parent (YopD wt ), YPIII/pIB102; yscU, lcrQ (YopD wt ), YPIII/pIB75-26; YopD Frame-1 , YPIII/pIB62503; YopD I3,5N , YPIII/pIB62559 and YopD Frame-
